Abstract-Objective: A novel hearing-aid scheme using magnetomotive nanoparticles (MNPs) as transducers in the tympanic membrane (TM) is proposed, aiming to noninvasively and directly induce a modulated vibration on the TM. Methods: In this feasibility study, iron oxide (Fe 3 O 4 ) nanoparticles were applied on ex vivo rat TM tissues and allowed to diffuse over ∼2 h. Subsequently, magnetic force was exerted on the MNP-laden TM via a programmable electromagnetic solenoid to induce the magnetomotion. Optical coherence tomography (OCT), along with its phase-sensitive measurement capabilities, was utilized to visualize and quantify the nanometer-scale vibrations generated on the TM tissues. Results: The magnetomotive displacements induced on the TM were significantly greater than the baseline vibration of the TM without MNPs. In addition to a pure frequency tone, a chirped excitation and the corresponding spectroscopic response were also successfully generated and obtained. 
I. INTRODUCTION
H EARING impairment has an overall prevalence of 48.1 million for individuals above 12 years old and is the third most prevalent chronic condition for older individuals in the United States [1] , [2] . Normally, sound is transferred from the outer ear to the middle ear, where it vibrates the ear drum/tympanic membrane (TM). The auditory ossicles subsequently transduce the vibrations to the cochlea in the inner ear, where the acoustic waves are converted to neural signals by the hair cells within the cochlea (Fig. 1) . The most prevalent type of impairment -sensorineural hearing loss (SNHL), most commonly associated with aging, is a result of damaged hair cells, decreased blood supply to the cochlea, and defects in neural elements such as the synapses between the spiral ganglion neurons and the hair cells in the cochlea [1] , [3] , [4] . There is currently no treatment for damaged neural elements, and hence, most SNHL is treated, although not cured, with conventional hearing aids that enhance sound perception by amplifying the amplitude of the sound [1] . However, traditional hearing aids are frequently dissatisfying due to their ineffectiveness in noisy or high-frequency environments, the presence of undesirable acoustic feedback, the occlusion effect, a lack of sound localization cues, and general discomfort [3] , [5] , [6] . Alternative treatments for mild to severe hearing impairment include middle ear implants, where a subcutaneously-implanted vibrating ossicular prosthesis converts sound to mechanical vibrations, which are then carried out by a magnet transducer that is often crimped to the incus to directly drive the ossicular chain [3] , [7] . For conductive hearing loss, other mechanical hearing implants such as the bone-conduction devices (BCD) can be utilized as well. With BCD, acoustic vibrations can be transmitted from the implanted screws to the skull bone either directly or indirectly (through skin), so that the vibrations can reach the inner ear without being affected by the impaired outer or middle ear [8] . However, the invasive surgery to implant these devices naturally comes with risks, and is undesirable.
Different from conventional acoustic hearing devices and the ear implants, a non-invasive way of magnetically and directly vibrating the TM and the auditory ossicles without the stimulation of acoustic speech signals has been previously proposed and demonstrated. An "EarLens" device has been developed, which is composed of a solid transducer embedded in a cone-shaped, thin, silicone rubber platform that can be placed above the umbo area of the TM [6] . One type of EarLens transducer is a solid magnet, which could respond to and hence be controlled by a magnetic field generating device. Clinical experiments were conducted with a system composed of a magnetic EarLens transducer, a sound processor, and an ear canal transceiver (with a coil and a microphone placed at the ear canal) [5] . By placing the transducer directly on the TM, a wider frequency range was produced as compared to conventional hearing aids. Note that with a direct-drive magnetic hearing implant, improved functional gain and word recognition have been reported for high-frequency SNHL patients in a preliminary study [9] . In the EarLens system, similar to the open-fit model utilized in many modern hearing aids, the microphone did not seal the ear canal like earmolds. This open-fit configuration may reduce the occlusion effect (especially at low frequencies), unwanted acoustic feedback, and improve one's perception of his/her own voice.
The EarLens platform has made the attachment of a magnet to the TM more tolerable and has inspired other solid-transducerbased hearing devices and investigations [5] , [10] , [11] . To use this platform, mineral oil was applied to keep the transducer and the TM in contact. However, two major improvements over this design are desired. First, sophisticated and delicate procedures are required to achieve an accurate placement and later removal of the transducer from the TM, with both procedures requiring professional assistance from a physician [10] . Additionally, each silicone-rubber-based platform needs to be customized for each wearer due to the individual variations of ear canal anatomy [5] , [10] . Second, the magnet transducer provides a non-negligible weight (mg-scale) on the TM, which could dampen the sound vibrations to some extent and may affect the perceived sound quality [5] , [10] .
In this report, we propose and demonstrate a novel hearingassistance scheme that uses iron oxide magnetic nanoparticles (MNPs) with superparamagnetic properties applied to and diffused into the TM. Similar to the EarLens system, an external alternating magnetic field (AMF) exerts a magnetic force, and hence, directly induces movement of the TM. The advantages of using MNPs as TM transducers are five-fold. First, superparamagnetic MNPs have high magnetic susceptibilities as compared to that of typical biological tissues, and they can only be magnetized upon application of an external magnetic field. Therefore, remote modulation of the MNP-laden tissues with high selectivity and sensitivity is enabled [12] . Second, instead of going through the difficulty of customizing, placing, and removing the solid transducer on/off of the TM, the MNPs are envisioned to be applied as a form of an "ear drop" -which only requires a few drops of MNP solution to diffuse into the TM over time. Much like the standard treatment of sudden SNHL, where a large dose of drug is injected into the middle ear cavity and allowed to diffuse into the inner ear passively [13] , here, the applied MNPs are expected to passively diffuse into the TM. In a living animal, MNP uptake by fluid endocytosis would also be expected [14] . If further guidance of MNP diffusion is desired, additional magnetic field assistance, such as has been proposed for drug delivery applications, can be implemented [14] - [16] . Third, MNPs carry negligible mass, and hence can potentially reduce the dampening effect of the TM. Fourth, unlike the current solution that only allows for a single load point, MNP drops can potentially provide a more uniform loading across the TM and hence result in a more natural TM vibration response. Finally, it is well known that the iron oxide MNPs can degrade into oxygen and iron and be physiologically cleared from the systematic circulation by macrophages [17] . This clearance process may potentially occur after the administered MNPs are released in the human body after exocytosis or apoptosis, travel through the Eustachian tube and the throat, swallowed, and enter the human body [14] . The MNPs can be further functionalized to enhance their biocompatibility and biodegradability as well [18] . Note that as the iron oxide MNPs degrade or are shed and lost over time, repetitive administration of the MNP drops to the TM may be necessary.
A few early publications have investigated techniques for loading TMs with MNPs, and utilized laser Doppler interferometry (LDI) to measure the magnetically-induced motion of MNP-laden TMs in guinea pigs [14] , [19] . These studies carefully and substantially investigated the internalization approach and the biocompatibility of the MNPs in biological systems from a physiological perspective. However, the magnetically-induced TM motions, characterized via single-point LDI, has been limited to only surface motion measurements at one location under two specific magnetic excitation frequencies. Other than LDI [20] , [21] , holography [22] , [23] has also been reported as another optical imaging tool for estimating the local displacement or to visualize the dynamics of the moving TM, which, again, can only measure the motion of the TM surface.
Optical coherence tomography (OCT) is a non-invasive, depth-resolved imaging technique analogous to ultrasound imaging that has been widely applied for biomedical imaging applications [24] . The micrometer resolution of OCT has equipped it with the capability of imaging fine details of the retina [25] , [26] , breast [27] , [28] , skin [29] , [30] , and the ear [31] - [33] , just to name a few. Based on the cross-sectional, depth-resolved structure revealed by OCT or low-coherence interferometry (LCI), our group has previously demonstrated the feasibility of detecting bacterial biofilms beneath the TM and in the middle ear space [31] - [34] as well as the temporal response of the TM to a pneumatic pressure stimulus [35] , demonstrating the advantages of using OCT for ear imaging. Relying on the phase-resolved information extracted from the complex OCT data, the motion of the imaged tissue can be revealed with a sub-nanometer displacement sensitivity. By taking advantage of this phase-sensitive measurement capability with OCT, a number of researchers have successfully visualized the depth-resolved motion of the TM in response to sound stimulation [36] - [39] . Here, we aimed to use phase-sensitive OCT to evaluate the TM dynamics after electromagnetic stimulation, rather than after sound (acoustic wave) stimulation. The combined use of MNPs as perturbative agents and phase-sensitive OCT as a detection tool for the induced "magnetomotion" has been previously developed and reported as magnetomotive OCT (MM-OCT) [40] - [45] , which will be discussed in more detail in Section II.
This initial study aims to evaluate the feasibility of using MNPs as "ear drop" TM transducers, with the capability of these to remotely respond to the external application of a magnetic field produced by an electromagnetic coil, and to directly induce vibrations on the TM without any ambient sound stimulation from the outer ear. Similar to the processing in MM-OCT, phase information was extracted from OCT images. However, while MM-OCT typically detected the presence of MNPs and provided the magnetomotion amplitude in a relative manner (in dB), this study further quantified the absolute values (in nm) of the induced displacement of the TM. Spectroscopic responses of the magnetomotive displacements were also examined, while cross-sectional visualization of the induced vibrations was provided by MM-OCT for ex vivo rat TMs.
II. MAGNETOMOTION AND PHASE-SENSITIVE OCT
Magnetomotive OCT (MM-OCT) is a functional imaging modality proposed in the 2000s by our group, where MNPs that have been delivered to the tissues are actuated by an external magnetic field gradient and subsequently transduce vibrations to the MNP-laden samples to provide sub-resolution dynamic imaging contrast in OCT images [41] , [45] . The MM configuration is exploited in this study to produce a controllable magnetic force and hence generate modulated displacements (termed "magnetomotion") on the MNP-laden TM tissues, which can be visualized by phase-sensitive OCT.
The magnetic force ( F MNP ) exerted on a single spherical MNP can be described as [46] . Therefore, the two key requirements for producing a sufficiently strong magnetic force include having (1) a noticeable magnetic field gradient (so that ( B · ∇) B = 0) and (2) a large difference between the magnetic susceptibility of the MNP and that of the surrounding medium Δχ (as the permeability constant, μ 0 , and the volume of the MNP, V MNP , are fixed). In practice, a magnetic field gradient can be generated in the MNP-laden tissue by placing an external magnetic solenoid, which produces an AMF, nearby. A high Δχ can be readily achieved by using superparamagnetic MNPs as their magnetic susceptibilities are at least five orders of magnitude greater than that of the surrounding tissue [42] . To produce a sinusoidal oscillating magnetic force (and hence the induced magnetomotion), an alternating voltage (V ) with a square root of sine pattern can be used to drive the magnetic solenoid as
The induced magnetomotion can be subsequently detected via phase-sensitive OCT, where the phase-resolved data can be obtained and the tissue displacement, dz(dt), over a time interval, dt, can be revealed by the phase differences, dφ(dt), between adjacent A-scans (that are oversampled along the trans- [47] , assuming both the tissue refractive index, n, and the center wavelength of the light source, λ 0 , remain unchanged during imaging.
MM-OCT is often applied to detect the presence of the dynamically modulated signal and identify the MNP-labeled regions in biological tissues [40] , [43] , [44] . However, this report emphasizes the quantification of the magnetomotive displacement induced on the MNP-laden TM tissues. Although MM-OCT has been widely explored in the field of biomedical research, this is the first time that magnetomotion is generated on TM tissues and visually assessed via phase-sensitive OCT.
III. METHODS

A. Tissue Preparation and Iron-Oxide Staining
All animal care and handling procedures in this study were conducted under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign. In this study, a total of 7 female F344/NHsd rats (age 6-10 weeks) (Envigo) were used. The TMs were obtained by harvesting the tissues immediately after euthanasia by CO 2 inhalation. Each rat TM specimen was isolated from the body to allow for ex vivo imaging. The temporal bone was first removed from the skull and subsequently cut to expose the middle ear cavity. Similar to the specimens prepared in a previous study [48] , in each specimen, the ear canal, tympanic annulus (which surrounds the TM), and the malleus were included. However, the incus was not part of the harvested tissue. Due to the inherent anatomical curvature of the ear canal, the outer ear was adequately trimmed to allow for better accessibility for the OCT imaging beam. After the dissection, the entire tissue (TM along with the surrounding tympanic annulus) was placed in a Petri dish. A small piece of tube-shaped wax (Surgident), sandwiched between the tympanic annulus and the Petri dish substrate, was used to mount the tissue specimen in place and prevent the TM from directly contacting the Petri dish substrate. The TM specimens were placed in ambient air.
Subsequently, 0.1 ml of the MNP solution (10 mg/ml or 5 mg/ml of iron oxide nanoparticles, Fe 3 O 4 , phosphate-buffe red-saline-based) was applied to the TM tissue from the outer ear side using a 22-gauge syringe, applied in a manner that is analogous to ear drops. The non-coated Fe 3 O 4 nanoparticles utilized here (#637106, Sigma-Aldrich) were characterized previously [42] . A 10 ml MNP solution with a fixed Fe 3 O 4 concentration was first prepared in a centrifuge tube (#430055, Corning), which was subsequently dispersed by a vortex mixer (Vortex-Genie 2, Scientific Industries) until the MNP solution was visually mixed in the phosphate-buffered saline (PBS). Immediately after the mixing, a 1-ml syringe (BD) was used to suction the amount of MNP solution needed from the center of the entire solution volume, where 0.1 ml of the PBS was subsequently applied to the TM. Minimal clustering of the Fe 3 O 4 nanoparticles was observed by the time the administration of the MNP drops was completed. For the control group, 0.1 ml of PBS was applied instead. The solution, MNP or PBS, was left in place for ∼2 hr to allow for MNP diffusion into the TM, with a permanent magnet (magnetic stir bar, 77 mm × 13 mm) positioned at ∼8 mm beneath the TM tissue (on the inner ear side) to potentially assist the diffusion of MNPs into the TM. To also investigate and visualize the dynamics of the TM, one TM sample was fully immersed in the MNP solution (10 mg/ml) for ∼44 hr to ensure a thorough and uniform distribution of the MNPs. Note that this sample was excluded from the analyses presented in Sections IV (A-C).
Prussian blue histological staining of the TMs was performed after each experiment, which selectively stained the iron oxide blue/purple. After OCT imaging, the TM tissue (surrounded by temporal bone) was immediately immersed in Formalin for at least 6 hr, and then immersed in decalcification solution (D0818, Sigma-Aldrich) for another 6-8 hr. Subsequently, the Formalin-fixed and decalcified tissues were embedded in paraffin, sectioned, and stained with the iron-oxide staining kit (HT20, Sigma-Aldrich). A rat spleen sample was used as a positive control to ensure the effectiveness of the staining because iron naturally accumulates in this organ and it is known to stain positive with Prussian blue [17] .
B. Experimental Setup
A custom-built spectral-domain OCT (SD-OCT) system (Fig. 2) was utilized for imaging. The system specifications were detailed previously [49] . In brief, the OCT system contains a broadband superlumenicent diode light source (LS2000B, Thorlabs) with a center wavelength of 1310 nm and a bandwidth of 170 nm, which provides an axial and lateral resolution of ∼6 μm and ∼16 μm, respectively. The phase noise measured at 2 kHz is ∼0.17 rad, which corresponds to a displacement sensitivity of ∼18 nm (optical distance). In the spectrometer, a 1024-pixel InGaAs line-scan camera (SU-LDH2, Goodrich) was used. The reference arm consisted of a static mirror. In the sample arm, an electromagnetic solenoid was placed between the TM tissue sample and the objective lens. The near-infrared light beam was allowed to reach the TM tissue through the bore (∼2 mm) of the solenoid, which was encased in a hollow, cylindrical plastic container (diameter ∼46 mm) where the spacing allowed for circulation of cooling water. The customized solenoid had an inner diameter of 6 mm and a height of 10 mm. Driven at 8 V (peak) via a programmable power supply, the current passing through the coil was approximately 2.6 A.
During the application of an AMF, a peak field strength of ∼184 G was applied, and the sinusoidal driving waveform was Fig. 2 . Schematic of the magnetomotive OCT (MM-OCT) system. A superluminescent diode (center wavelength ∼1310 nm) produces nearinfrared light that is sent through a single-mode fiber, where a 2 × 2 fiber coupler (FC) splits the light into two beams. One beam travels to the reference arm, which is composed of a fixed mirror (M); the other beam passes through the sample arm to the TM tissue sample. The backscattered light from both the sample and reference arms interfere, and the resulting interference pattern is detected by the spectrometer. A magnetic solenoid (MS) is placed in the sample arm, where the light beam passes through the bore of the MS to the tissue sample. The alternating magnetic field (AMF) is generated by applying different driving voltage waveforms to the MS with a programmable power supply. Other optical components in the system include the collimator (C), the achromatic lens (L), and the galvanometer scanner (G).
operated at a frequency range across 50-500 Hz. The tissue samples were placed ∼2 mm beneath the electromagnetic solenoid.
C. Determination of the Modulated Frequency Range
As a preliminary step for exploring the feasibility of inducing magnetomotion on rat TM and detecting the subtle displacement via phase-sensitive OCT, a low-frequency, pure-tone stimulation up to 500 Hz was given in this study. The low-frequency range was chosen for two main reasons. First, this initial study focused on visualization and quantification of the vibration of in-phase, pure-tone TM motions, which could not be observed with higher modulated frequency (>1 kHz), where complex vibrational modes and multiple out-of-phase motions occur across the TM surface [20] , [22] , [23] , [37] , [48] . In addition, although the resonant frequency of the rat TM typically occurs at higher frequency [50] , the disruption of the ossicular chain behind a TM specimen could result in a downshifting of its resonant frequency [20] - [22] , [51] .
The resonant frequencies were determined as the modulated frequencies that provide the maximum displacement induced on the TM. While the frequency responses of TMs often show multiple local displacement peaks for different frequency ranges [50] , it should be clarified that the "resonant frequencies" stated in the rest of the paper refer to the resonant frequency at the low frequency range (ࣘ500 Hz), in which local resonant peaks have been observed before [48] .
D. Data Acquisition and Processing
A variety of excitation configurations, along with the corresponding data acquisition and processing approaches, have been applied to demonstrate different capabilities of the proposed magnetomotive hearing (MM-hearing) method. 
1) Harmonic Excitation:
Magnetic force was first applied with a sinusoidal waveform to induce a harmonic oscillation on the TM tissues. The modulated frequencies were from 50 to 500 Hz, with a frequency interval of 50 Hz. B-mode scanning was performed with the modulated magnetic field being turned on ("field-on") and off ("field-off"). During data collection, 4,000 A-scans were obtained while scanning across a transverse range of ∼2 mm so that spatial oversampling was achieved. The line scan rate was set to ∼3 kHz to ensure that the sampling was sufficient and that the Nyquist criterion was met. In post-processing, phase differences between adjacent Ascans were obtained. Binary thresholding was conducted on the phase difference map based on the intensity levels (masking the area which has an intensity <60% maximum intensity). Phase unwrapping was performed afterwards.
To isolate the magnetomotion modulated at a specific frequency, bandpass-filtering was applied to the unwrapped phase difference data in the Fourier domain. By taking the absolute value after the inverse Fourier transform, the corresponding displacement amplitude was therefore quantified. Subtracting the displacement of the "field-off" from that of the paired "fieldon" datasets produced the magnetomotive displacement (termed "MM-displacement" throughout this paper) map, while the spatially averaged MM-displacements were utilized and analyzed statistically. Note that the MM-displacements were calculated by assuming a refractive index n = 1.4, which is the approximate value reported for human TMs [52] .
The detected motions of the TM tissue truly originated from the induced magnetomotion instead of undesirable experimental motion artifacts caused by stage or table jittering, as dominant displacement peaks can be observed from the transfer function. In addition, the dominant displacement frequencies detected (f d ) from the TM motion correlated well with the corresponding modulated frequencies (f m ) used for excitation in the MNPladen TM tissues (shown in Fig. 3 , the linear fit gives an almost one-to-one correspondence between f d and f m ). Finally, the potential influence of the mechanical coupling from the magnetic coil vibration to the tissue was insignificant as negligible MM-OCT signals were detected on non-MNP-laden tissues under magnetic stimulation, demonstrated in our previous study [12] . Note that the transfer function was obtained by dividing the "field-on" over the "field-off" spectra in the Fourier domain with a regularization term implemented, where each spectrum was obtained by first averaging the thresholded phase difference map along depth and subsequently performing a Fourier transform along the transverse direction (the phase difference values were similar along depth, possibly due to the relatively small TM thickness and the fibrous components within the TM that are mechanically coupled to one another). Subsequently, f d was determined as the frequency that gave the maximum peak amplitude in the transfer function.
2) Spectroscopic Excitation: In addition to a harmonic excitation, a chirped signal with frequencies swept through 10-500 Hz was also applied, while M-mode acquisition was performed. The line scan rate was selected to be ∼2 kHz to meet Nyquist sampling criteria. The post-processing procedures for phase retrieval and spectral analysis were similar to those described earlier, however, with the use of M-mode data instead. Note that band-pass filters were not implemented in this case. On the other hand, the temporal tissue displacement was utilized to produce a spectrogram, which illustrates the spectral component at each temporal instant via a short-term Fourier transform (STFT).
3) Dynamic Motion Visualization: Similar to the process reported previously [49] , an AMF with a 460 Hz sinusoidal waveform was applied, synchronized to the galvanometer triggering, and the M-B mode data were acquired. M-scans were obtained across a transverse area of ∼1.6 mm × 1.6 mm (60 × 60 data points), while at least 200 M-scans were acquired at each location with a line scan rate of ∼92 kHz. Eventually, a volumetric dataset was obtained for each time point. Again, the modulated magnetomotion was extracted from the band-passfiltered phase differences. Subsequently, dynamics of the magnetomotion were visualized by amplifying the phase by a factor of 50 and translating it into pixel-scale movements. By streaming each volumetric OCT data over time, a four-dimensional (4D) dataset was produced. Note that linear interpolation along the transverse directions were implemented, and hence each volumetric OCT data had pixel dimensions of 600 (x) × 600 (y) × 512 (z).
E. Statistical Analysis
To reduce the probability of false discoveries (false significant results) during multiple hypotheses testing, Bonferroni correction was performed after two-sample t-tests. Therefore, the p-values reported in this study refers to the adjusted p-value, obtained by n t × unadjusted p-value, where n t is the total number of tests performed [53] . All statistical analyses were carried out using Matlab (MathWorks). For each group (i.e., 10 mg/ml MNP, 5 mg/ml MNP, and control), the number of TM tissues involved, measurement locations, and the total sample sizes for MM-displacement analyses (see Section IV-B) are all documented in Table I .
IV. RESULTS
A. MNP Diffusion and Iron-Oxide Staining
To validate the presence of the MNPs in the TM tissues, Prussian blue (iron oxide) stained histologic tissue sections were imaged via a commercial microscope (Axiovert 200, Carl Zeiss). Representative images of the MNP-laden and control TM samples are shown in Fig. 4(a) , where the Prussian blue staining shows the presence of iron oxide MNPs. The iron oxide MNPs were located at the same focal plane as the TM tissue and could only be found in the MNP-laden samples. In addition, the MNPs appeared as dark blue-stained clusters in the microscopic images, similar to other microscopic images of Prussian blue stained MNPs in tissue reported in literature [15] . Nonclustered MNPs were also observed at some locations (data not shown), however the clusters were more common and apparent, which could be attributed to the inevitable sloughing off of individual MNPs during the sectioning and staining processes.
Note that due to the high magnification (100x) utilized, sharp contours from the tissue specimen could only be partially observed as slightly non-flat structure can easily fall outside of the tight focal plane.
Based on the Prussian blue staining outcome, the presence of the MNPs in the MNP-laden tissues was validated. Hypothetically, passive diffusion could result in a lower amount of MNPs being bound to the TM. However, future validation and understanding of the MNP distribution across the TM, as well as the investigation of the cellular uptake mechanisms (endocytotic or non-endocytotic pathways [14] , [54] ) of MNPs in in vivo TM via techniques that can avoid tissue sectioning artifacts such as micro-computed tomography (micro-CT) and high-field magnetic resonance imaging (high-field MRI) [55] , [56] , are desirable. In addition, further permeabilization of the TM can be implemented via chemical approaches [57] and the MNP uptake can be promoted by using biocompatible MNPs [58] for future in vivo studies.
B. Magnetomotive Displacement Amplitude
To investigate the influence of the MNPs, the magnitudes of the MM-displacements were quantified and compared between the MNP-laden and the PBS-laden (control) TM tissues. Furthermore, the general influence of the MNP dosage applied to the TM was also explored. The MM-displacement amplitudes were evaluated for two groups of TM tissues applied with the same amount (0.1 ml) of MNP solution but at different concentrations-one lower (5 mg/ml) and the other higher (10 mg/ml). Note that as the MM-displacement amplitudes are frequency-dependent (detailed in Section IV-C), only the max- imum displacement detected (at the resonant frequency) was included in the statistical pool for each individual TM sample. Shown in Fig. 4(c) , larger MM-displacements were observed in the MNP-laden tissues as compared to those in the PBSladen (control) tissues. Statistical analysis (Fig. 5 ) revealed a significant difference between the MNP-laden and the control group (p-value < 10 −4 between the 10 mg/ml MNP-laden and control groups; p-value < 10 −5 between the 5 mg/ml MNPladen and control groups). This indicates that the application of MNP drops was necessary so that non-negligible magnetomotion could be generated. In the higher dose group (10 mg/ml MNP), interestingly, the MM-displacement magnitudes induced on the ex vivo rat TM with the MM setup were comparable to the acoustically-induced displacements excited with a sound pressure level (SPL) of 80-90 dB at 200-500 Hz excitation on cadaveric human TMs [23] . However, since rat TMs are stiffer than human TMs [50] , a sound stimulation with even higher SPL may be needed in order to produce the same level of displacements on rat TMs.
A larger displacement was exhibited in the 10 mg/ml MNPladen group (median 48.63 nm) as compared to that of the 5 mg/ml MNP-laden group (median 5.48 nm), while statistically significant differences were also observed (p-value < 10 −4 ). Although this potentially manifests as a dependence on the MNP dosage, a comprehensive understanding of the correlation between the MNP dosage applied and the resulting MMdisplacement amplitude should be further investigated by comparing more groups of MNP concentrations with an improved dosing control approach.
C. Spectroscopic Response of the TM
The human hearing capability varies with different auditory frequencies. To demonstrate the versatility of MM modulation and the capability for probing the responsive displacement of the MNP-laden TM tissue across various excitation frequencies at once, a chirped excitation was produced and the corresponding spectroscopic response was evaluated. The inherent nature of a chirped response is observed along the temporal axis of the spectrogram in Fig. 6(a) , where the dominant frequencies increase linearly with the increasing time points. From both the spectrogram and the mechanical spectrum ( Fig. 6(a), (b) ), higher amplitudes are observed at 300-400 Hz, while a mechanical amplitude peak is observed near 350 Hz. This agrees with the B-mode, oversampled MM-OCT datasets collected from the same tissue where a pure-tone harmonic oscillation was generated for each measurement. As shown in Fig. 6(c) , higher displacement is detected across the TM tissue when an excitation of 300, 350, and 400 Hz was given, and the induced TM movement reached its maximum at a modulated frequency of 350 Hz.
Although the assessment of the spectroscopic response was only demonstrated for ex vivo rat TM displacements here, this initial result implied the potential of using the MM setup to measure other frequency-dependent, hearing-aid-specific parameters on in vivo human ears in the future. Note that the in vivo spectroscopic response of the TM is expected to be quantitatively different from that of the excised specimens, as the non-intact middle ear cavity and the disrupted ossicular chain could result in a decreased resonant frequency and an increased displacement at lower frequencies (ࣘ1 kHz) due to a reduced load from the cochlea and annular ligament on the TM [20] - [22] , [51] . Interestingly, for non-intact TMs where only the malleus was attached, the resonant frequency observed from the rat here and that from the human [48] were in general agreement with one another, where a resonant frequency around 300-400 Hz could be observed in both cases. 
D. Dynamics of Magnetomotive TM Motion
Finally, the spatiotemporal response of the MNP-laden TM tissue under a sinusoidal magnetic force was visualized by a vibration-amplified 4D-OCT dataset. Shown in Fig. 7 and Media 1, larger displacement magnitudes are seen at the malleus, as well as for regions of the TM that are close to the malleus. In addition, the frequency of the magnetomotion agrees with the modulated frequency (f m = 460 Hz) of the magnetic force, as one cycle of movement is observed within ∼2.2 ms. OCT has demonstrated its capability for 4D visualization of the MMdriven TM. Yet, a deeper understanding of the various contributing factors to the pattern of the TM motions is foreseen in the future. For example, the fact that the strongest oscillation occurs at the malleus disagrees with previous observations [22] , [23] , [37] , which could be a result of non-uniform distribution of MNPs (and hence magnetic force) on the TM. Additionally, it is hypothesized that the multiple minor oscillations that appear in Media 1 as the excitation force reached the maximum was a result of insufficient magnetic force strength provided in the non-resonance regime. These hypotheses can conceivably be validated in future OCT studies.
V. DISCUSSION
Magnetomotive (MM) displacements and dynamics of ex vivo
TMs containing MNPs have been demonstrated, using OCT for sensitive phase-resolved measurements. Based on this initial work, further investigations related to a MM-hearing aid configuration is needed before moving to in vivo animal and human studies. In terms of MNP delivery, the effect of diffusion time and magnetically-assisted diffusion schemes would need to be systematically explored. Although a permanent magnet may potentially assist the diffusion process [14] , the strength of the static magnetic field and the time needed to allow for an effective guidance of the MNPs remains to be investigated. It is expected that the absence of the permanent magnet would result in a longer time needed for the MNPs to penetrate the TM and a less controllable MNP distribution. Additionally, non-invasive delivery of the MNPs deeper into the TM or the middle ear space can be conceivably implemented with advanced shaping of an external magnetic field. MM-displacements in the middle or inner ear can possibly be induced, and drugs could also be carried with the MNPs to allow for therapeutic purposes [15] , [16] , [59] , while OCT imaging, with its capability of imaging the inner ear dynamics [60] , can again serve as a visualization and/or validation tool. In addition, the spatial distribution of the MNPs across the TM can be systematically characterized by micro-CT [55] , high-field MRI [56] , and the emerging magnetic particle imaging (MPI) technique that detects the local concentration of ferromagnetic or superparamagnetic MNPs based on their nonlinear magnetization characteristics [61] . While MMdisplacement has been successfully induced on the TM, it will also be interesting to investigate the movement of the ossicular chain in the middle ear that results from the induced MMdisplacements. To increase the viability of the proposed MM scheme in hearing-aid-related applications, balancing between the position of the coil (e.g., in or outside of the ear canal) and the corresponding power requirement should also be carefully investigated. Although the efficacy of the magnetic field increases with shorter coil-to-TM distance [5] , [6] , undesirable acoustic feedbacks can be enhanced by the presence of coil in the ear canal.
A future in vivo study can potentially be conducted with the combined use of the MM setup and a handheld, portable OCT system, which has previously enabled in vivo human ear imaging [31] - [33] . Additional hearing-aid associated parameters, such as the maximum equivalent pressure output (MEPO, the equivalent pressure needed to generate the same TM displacement induced from hearing device [5] ), can potentially be measured with the help of a pneumatic-bulb-attached OCT probe and a pressure sensor [35] . While previous studies have suggested the benefit of using tissue-indwelling MNPs in otology [14] , [19] , it would be meaningful to directly examine the hypothesis that the minimal inertia of the MNPs could reduce the dampening effect of the TM, compared to the effect from a solid magnet transducer, in an in vivo study. With the readily available MM setup, characterization of the biomechanical properties of the TM could be made possible by magnetomotive optical coherence elastography (MM-OCE) [12] , [44] , [47] , [62] .
Cytotoxicity and biosafety of the MNPs and the proposed MM-hearing aid scheme should be carefully considered for future clinical development. As a proof-of-concept study of the proposed MM-hearing scheme, bare metal MNPs were examined. However, a number of chemically-tailored MNPs have been reported to enable better colloidal stability, biocompatibility, and biodegradability, which are forseen to be incorporated. For instance, undesirable iron exposure and production of free radicals can be prevented by using silica-coated MNPs [14] , [19] . In addition, enhanced miscibility in aqueous solution can be achieved by coating the MNP with polymers such as dextran and polyethylene glycol (PEG) [63] . In fact, successful cellular uptake of the silica-coated MNPs in the middle ear epithelial tissue and delivery of the polymer-coated MNPs to the round window membrane in the inner ear have been reported previously [14] , [58] . Biosafety concerns imposed by the magnetic parameters (e.g., frequency and field strength) of the MM setup should be investigated as well. The low frequencies applied here (10-500 Hz) will not induce ionization [64] . Compared to the transceiving band of cochlear implants (MHz regime) and wireless hearing aids (GHz regime), the low frequency of the MM setup can better avoid radiofrequency (RF)-induced thermal injury. Additionally, the driving voltage for the external coil used here (8 V peak) is slightly larger than, yet of the same order of magnitude as, the maximum allowable voltage to be induced on the implanted receiver coil in a cochlea implant (6 V peak) [65] . In comparison to the dynamic magnetic field used in other clinical techniques, our AMF frequency range was higher than that of transcranial magnetic stimulation (TMS) (<20 Hz) but lower than that of MRI (RF 10-400 MHz). Additionally, the magnetic field strength applied here (<0.02 T at 2 mm) was orders of magnitude lower than that of TMS (1.5-3 T) [66] . Therefore, it is hypothesized that the proposed MM scheme can meet the biosafety requirements for the human body, which should be carefully examined in the future.
Sound-induced motions on TMs are well-known to be frequency-dependent and inherently complex, while standingwave-like modal motions and/or traveling-wave-like motions were observed on TM surfaces previously [22] , [23] , [37] and numerous hypotheses and models of the TM motion mechanisms have been actively investigated for at least 5 decades [23] . In this preliminary study, generally in-phase motions were observed via OCT imaging, which agrees with the trend of the surface motions of the ex vivo TM stimulated with a low-frequency sound source (ࣘ1 kHz). However, complex TM vibration patterns showing spatial maxima and minima moving out of phase with one another have been reported on TM samples stimulated with higher frequencies [22] , [23] , [37] . Before the development of a clinical device, it would be important to compare the dynamics of the MNP-laden TM with those induced with different frequencies from the same specimen and investigate the potential hearing effects caused by different vibration patterns. Moreover, the performance of the proposed MM-hearing scheme can be compared with conventional acoustic hearing aids by characterizing the frequency-dependent modal vibrations of the MNP-laden TMs under various AMF strengths and quantifying the motions exhibited on the TM stimulated by ambient sound sources (e.g., by a speaker) with various frequencies and SPLs.
VI. CONCLUSION
Magnetomotive displacements of MNP-laden TM tissues have been successfully demonstrated using the proposed setup, along with the evaluation and quantification of the magnetomotion by phase-sensitive OCT. The evidence of effective MNP diffusion into the ex vivo rat TM tissues was revealed by Prussian blue iron-oxide staining of histological sections of the TM tissues. Results demonstrated that significantly larger displacement magnitudes were observed only from the MNP-laden tissues, suggesting a direct influence of the MNPs in generating and modulating the magnetomotion of the TM tissues. In addition, other than a pure-tone excitation, the capability of generating a chirped excitation and detecting the spectroscopic response was also demonstrated. Finally, spatiotemporal visualization of the TM vibration was enabled by the acquisition of a 4D-OCT dataset.
In conclusion, this paper demonstrates the feasibility of using the magnetomotive principle and technology to directly induce vibrations on MNP-laden TM tissues, which could potentially enhance sound perception. In the future, an integrated system combining the receiver, processor, magnetic coil, and MNP transducers are envisioned. Ambient sounds can be detected, processed, converted to electric signals to drive the magnetic coil, and subsequently produce modulated AMF so that vibrations can be induced on the MNP-laden TM accordingly. Afterward, the artificially generated waves can be transferred from the TM to the inner ear. Since the modulated movement can be generated without any auditory speech sources from the outer ear, it may be possible to allow one to "hear without ambient sounds." For instance, a modulated and targeted radio wave input signal can be detected and directly transferred from the receiver to the magnetic coil, which may potentially enable speech-free military or surveillance applications in the future.
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